Las1 is an essential endoribonuclease that is well-conserved across eukaryotes and a newly established member of the HEPN (higher eukaryotes and prokaryotes nucleotide-binding) nuclease family. HEPN nucleases participate in diverse RNA cleavage pathways and share a short HEPN nuclease motif important for RNA cleavage. While most HEPN nucleases participate in stress activated RNA cleavage pathways, Las1 plays a fundamental role in processing the pre-ribosomal RNA. Underscoring the significance of Las1 function, mutations to the LAS1L gene have been associated with neurological dysfunction. Two juxtaposed Las1 HEPN nuclease motifs create its composite nuclease active site, however the roles of the individual HEPN residues are poorly defined. Here we show through a combination of in vivo and in vitro studies that both Las1 HEPN nuclease motifs are required for nuclease activity and fidelity. Through in-depth sequence analysis and systematic mutagenesis, we define the consensus Las1 HEPN nuclease motif and uncover its canonical and specialized elements. Using reconstituted Las1 HEPN-HEPN¢ chimeras, we define the molecular requirements for RNA cleavage. Intriguingly, both copies of the Las1 HEPN motif are necessary for nuclease specificity revealing that both HEPN motifs participate in coordinating the RNA within the active site. Taken together, our work reveals critical information about HEPN nuclease function and establishes that HEPN nucleases can be re-wired to cleave alternative RNA substrates. 185 aa (H134A) + LCT: 469-502 aa
Text
Endoribonucleases play critical roles in the processing, maturation, and destruction of diverse RNAs by catalyzing the hydrolysis of phosphodiester bonds (1) . The HEPN (higher eukaryotes and prokaryotes nucleotide-binding) superfamily is an emerging group of endoribonucleases spanning across all walks of life. The HEPN domain is characterized by a small a-helical domain originally suggested to be important for nucleotide binding (2) . Subsequent bioinformatic analysis transformed the field through the widespread identification of HEPN-containing proteins and the classification of a catalytic-subset that encode for a short, but defined RfxxxH (where f is often N, D, or H, and x is any amino acid that can vary from 3 to 5 residues) endoribonuclease motif (3) (Fig. 1A) . The expanding list of HEPN nucleases highlights their profound role in numerous biological processes, most notably host-defense and stress response pathways. For example, the eukaryotic HEPN nuclease Ire1 triggers the unfolded protein response and the bacterial HEPN nuclease SO_3166 is the toxic component of the dueling type II toxin-antitoxin system (4, 5) . In contrast to these defense systems, the HEPN nuclease Las1 ensures the translational capacity of the cell through its role in ribosome assembly (6) . Furthermore, the bacterial Cas13 CRISPR effectors represent a set of programmable HEPN-containing nucleases that are gaining broad attention for their potential therapeutic applications (7) (8) (9) (10) (11) . Despite the strong prevalence of the HEPN domain in critical RNA-targeting nucleases, the molecular basis for how HEPN nucleases catalyze RNA cleavage has remained elusive.
The Las1 HEPN nuclease harbors unique characteristics that distinguishes it from other members of the HEPN superfamily. Defects in Las1 (Las1L in humans) are linked to motor neuron diseases and Xlinked intellectual disability (12, 13) , however its molecular function in ribosome production was only elucidated following its recent classification as an HEPN nuclease (3, 14) . Unlike most HEPN nucleases that are activated following cellular stress (3), Las1 is essential for cell growth and proliferation (6, 15) . Las1 plays a fundamental role in processing precursor ribosomal RNA (pre-rRNA) (6, (14) (15) (16) (17) . Ribosome production involves a complex and highly coordinated pre-rRNA processing cascade tasked with removing four spacer sequences from the pre-rRNA (14, (18) (19) (20) (21) . Removal of the ITS2 (internal transcribed spacer 2), which lies between the 5.8S and 25S rRNAs, is initiated by Las1 pre-rRNA cleavage at the defined C2 site ( Fig. 1B) (14) . Following endoribonucleolytic cleavage, the ITS2 is phosphorylated by the Grc3 RNA kinase, which in turn triggers the recruitment of 5¢-and 3¢-exoribonucleases that sequentially degrade the ITS2 spacer (14, 16, 22) . Further distinguishing Las1 from other HEPN nucleases is Las1's dependence on its binding partner, the Grc3 polynucleotide kinase for nuclease activation (23) . While no other HEPN nuclease is known to require an auxiliary protein for HEPN activation, Las1 and Grc3 are reliant on one another for protein stability and enzyme activation (15, 23, 24) . Together the ribonuclease (RNase) Las1 and polynucleotide kinase (PNK) Grc3 assemble into a tetrameric complex, known as RNase PNK. Through this higher-order assembly, RNase PNK coordinates its dual enzymatic functions through a poorly understood mechanism of molecular cross-talk that ensures efficient processing of the pre-rRNA (23) (24) (25) .
Las1 adopts a canonical HEPN active site suggesting it shares a common mechanism for RNA cleavage as other HEPN nucleases. We recently solved a series of cryo-electron microscopy structures of RNase PNK, which unveiled its butterfly-like architecture (26) . Two Las1 protomers homodimerize at the axis of symmetry where the HEPN domains form the 'body' of the butterfly, while a Grc3 protomer makes up each 'wing' and holds the HEPN domains together (Fig. 1C) (26) . This is reminiscent to all characterized HEPN nucleases, which require dimerization of two HEPN domains to activate nuclease activity (4, 5, 7, 27, 28) . Furthermore, the composite Las1 HEPN active site resembles that of other HEPN nucleases, which are formed by the juxtaposition of two RfxxxH HEPN motifs (Fig. 1C ) As with all members of this superfamily, the Las1 HEPN nuclease catalyzes metal-independent RNA cleavage resulting in the production of a terminal 2¢,3¢-cyclic phosphate and 5¢-hydroxyl ( Fig. 1D ). Despite the extensive structural and biochemical characterization of numerous HEPN nucleases, the role of the individual residues comprising HEPN RfxxxH motifs remains unclear for this superfamily. With the widespread prevalence and functional significance of HEPN nucleases in diverse biological processes, including the use of HEPNassociated CRISPR-Cas nucleases for in vivo RNA-targeting applications (7, 11, (29) (30) (31) , it is paramount to define the molecular mechanism of HEPN domains in RNA cleavage.
To gain a better understanding of the molecular features driving RNase PNK nuclease activity, we generated a series of Las1 RfxxxH HEPN variants to determine the functional significance of each individual residue. Through a combination of in vivo studies in Saccharomyces cerevisiae and in vitro activity assays, we determined that the flanking invariant arginine and histidine residues along with several intervening residues of the RfxxxH motif are critical for nuclease activity. Unexpectedly, we also discovered that the Las1 RfxxxH HEPN motif contributes to nuclease fidelity and alteration of this motif leads to the generation of off-target RNA cleavage products. Thus, this work lays the foundation for engineering HEPN nucleases with altered specificity.
Results and Discussion
The Las1 HEPN Domain Encodes a Conserved RHxhTH Motif. Las1 is conserved across eukaryotes and encodes a six amino acid RfxxxH motif within its HEPN domain. Previous work has established that the invariant arginine and histidine residues of RfxxxH are critical to support S. cerevisiae (Sc) Las1 RNA cleavage in vitro and in vivo (14, 23, 24 ), yet little is known about the intervening residues comprising this motif. To determine the significance of the entire Las1 RfxxxH HEPN motif, we curated over 300 unique Las1 orthologs from species spanning fungi to vertebrates and carried out a comprehensive sequence alignment. Analysis of the alignment encompassing the Las1 HEPN domain revealed a single wellconserved RfxxxH motif previously associated with Las1 nuclease activity ( Fig. 2A ). This led to the discovery that beyond the first arginine (R1) and last histidine (H6) residues found in all HEPN family nucleases, the intervening residues within the Las1 RfxxxH HEPN motif are also well-conserved. The second position within this motif is an invariant histidine (H2), which fits with the general trend that HEPN nucleases often encode for a polar amino acid at this position (3) . On the other hand, the third position is a poorly conserved residue (x3) with a subtle preference for alanine and the fourth position has a strong preference for a hydrophobic amino acid (h4). While a subset of plant Las1 homologs encode for a serine residue at the fifth position, the majority of Las1 homologs harbor a threonine (T5). Based on this high sequence conservation, we define the consensus Las1 HEPN motif as RHxhTH (where x is any residue and h is a hydrophobic residue) ( Fig. 2A) .
The structural architecture surrounding the Las1 RHxhTH motif reveals the molecular basis for its residue preference at each position. Our recent cryo-electron microscopy reconstructions of Chaetomium thermophilum (Ct) RNase PNK revealed the juxtaposed Las1 RHxhTH motifs within the composite nuclease active site ( Fig. 2B) (26) . Each Las1 RHxhTH motif is encoded within an a-helix that lies at the interface of the Las1 HEPN homodimer. By capturing multiple conformational states of RNase PNK, we revealed that H2 is an important active site switch that toggles between nuclease active and inactive conformations (26) .
In the active state, H2 is pointed towards the center of the active site whereas H2 is pointing away in the inactive state ( Fig. 2B ). While H2 undergoes a distinct conformational rearrangement, the remaining residues of the Las1 RHxhTH motif remain largely unchanged. In the nuclease active conformation, the four well-conserved residues of the RHxhTH motif (R1, H2, T5, H6) all point towards the nuclease active site suggesting they each play an important role in catalysis ( Fig. 2B-C) . The well-conserved T5 lies at the base of the nuclease active site where it is within hydrogen bonding distance of H6 and could contribute to the spatial positioning of H6. The other two residues, which lie within the middle of the motif, are positioned away from the active site. The variable residue at the third position (CtLas1 Q3) points towards the broad cleft formed between the nuclease and kinase active sites of RNase PNK explaining the lack of conservation at this position. Conversely, the hydrophobic residue at the fourth position (CtLas1 A4) is buried in the Las1 HEPN-HEPN¢ core and explains its strong preference for a non-polar residue to preserve its native fold ( Fig. 2B-C) . Together, the identification of the Las1 HEPN consensus RHxhTH motif, along with the recent structural characterization of RNase PNK, uncovers the molecular requirements for the Las1 composite HEPN nuclease active site.
The Las1 RHxhTH Motif is Essential for S. cerevisiae Cell Proliferation. To investigate the functional significance of the Las1 RHxhTH motif, we disrupted the motif and monitored its functional effects in S. cerevisiae (Sc) (15, 23) . Analogous to all Las1 homologs, ScLas1 is composed of a well-conserved Nterminal HEPN nuclease domain followed by a poorly conserved coiled-coil (CC) domain and a conserved C-terminal tail, herein called LCT for Las1 C-terminal Tail (Fig. 1C and 3A) (6, 17) . The ScLas1 HEPN domain harbors the HEPN nuclease motif 129 RHWGTH, which emulates the consensus RHxhTH motif found in all Las1 homologs. While previous work has established that ScLas1 variants harboring R1A, H2A, or H6A mutations are non-viable in S. cerevisiae and unable to cleave the ITS2 pre-rRNA in vitro (14, 26) ;it is unknown if any other amino acid substitutions are tolerated within this motif. To determine the requirements of the RHxhTH consensus motif, we utilized a strain of S. cerevisiae containing a tetracyclineinducible promoter (tetO7) upstream of endogenous LAS1 (tet-LAS1) (26) . This strain was modified to include a 3x-Myc tag on the N-terminus of endogenous GRC3 (tet-Las1/Myc-GRC3) so that we could monitor Grc3 expression. Addition of doxycycline (DOX) to the growth medium represses the expression of endogenous Las1 and inhibits cell growth and proliferation ( Fig. 3B) (15) . The tet-LAS1 and tet-LAS1/Myc-GRC3 strains were transformed with a plasmid harboring a 3x-Flag tagged wild-type Las1 construct (Flag-Las1) or an empty ARS1-CEN4 YCplac vector (32) . We tested the complementation of Flag-Las1, by repressing endogenous LAS1 expression with doxycycline at 30°C. Unlike the transformed yeast strain harboring the empty vector, yeast expressing Flag-Las1 rescues S. cerevisiae growth in the presence of doxycycline both on solid media and in liquid culture ( Fig. 3B-C) .
To assess the requirements of the Las1 RHxhTH motif, we engineered a series of single missense mutations to each residue ( Fig. 3A and Table S1 ). Twelve individual Las1 RHxhTH HEPN motif variants (R1E, R1K, H2N, H2D, H2R, W3F, W3L, G4A, T5S, T5A, H6A, and H6N) were transformed into the tet-LAS1/Myc-GRC3 strain ( Table S2 ). The complementation of these variants was tested by repressing endogenous LAS1 expression with doxycycline at 30°C and growth curves were recorded over a 25 hour time period by measuring the absorbance at 595 nm ( Fig. 3D ). Disruption of the first arginine (R1E, R1K) and last histidine (H6A, H6N) residues prevents cell proliferation underscoring the significance of these residues for Las1 function. Mutations to the invariant H2 residue (H2N, H2D, H2R) yielded variable results.
The H2D and H2R variants are non-viable, however the H2N variant only causes a minor growth defect.
While the role of H2 in Las1 function is unknown, the observation that either a histidine or asparagine can support Las1 function in vivo is suggestive of a role in RNA engagement and/or positioning in the nuclease active site. Disruption of either the third or fourth residue from the Las1 RHxhTH HEPN motif (W3F, W3L, G4A) only causes mild growth defects, which is not unexpected given the poor sequence conservation and position within the RNase PNK structure. Mutagenesis of the threonine at the fifth position to a serine (T5S) causes a mild growth defect, while an alanine (T5A) causes a severe growth defect. This corresponds well with a subset of plant Las1 homologs that encode a serine at this position and suggests these homologs are functional. A serine residue at the fifth position may be tolerated because it could still maintain a hydrogen bond to the adjacent catalytic histidine (H6), as seen with T5 in the RNase PNK structure ( Fig.   2B ). Conversely, an alanine substitution (T5A) would prevent hydrogen bonding to H6, thus potentially disrupting Las1 function and explaining its severe growth defect. Interestingly, the catalytic histidine found in the nuclease active site of RNase A also forms a similar hydrogen bond with a nearby aspartic acid residue. While disruption of this hydrogen bond leads to a modest defect in RNA cleavage, this interaction is thought to promote proper orientation of the catalytic histidine for RNA hydrolysis and enhance the conformational stability of the active site (33, 34) . Therefore, these results suggest a threonine or serine at the fifth position is important for Las1 function. We also tested temperature sensitivity by plating serial dilutions of these strains on solid media and monitored their growth at five different temperatures in the presence and absence of doxycycline ( Fig. S1 ). With the exception of W3L, T5S and T5A, the majority of the HEPN variants do not display temperature sensitivity. Temperatures higher or lower than 30°C result in more significant growth defects for the W3L, T5S and T5A variants. Taken together these results highlight the importance of the entire Las1 RHxhTH HEPN motif for cell viability in S. cerevisiae.
Las1 RHxhTH Variants do not Disrupt Protein Stability or Grc3
Association. We performed quality controls to determine that the growth defects observed with the Las1 HEPN variants are not the result of Las1 instability. To confirm that the HEPN variants do not compromise Las1 protein stability in vivo, we grew tet-LAS1/Myc-GRC3 strains expressing the Las1 HEPN variants to mid-log phase in the presence of doxycycline at 30°C and then analyzed the whole cell lysate by Western blot. Due to the co-dependence of Las1 and Grc3 for protein stability (15) , we also analyzed endogenous levels of 3xMyc-tagged Grc3 (15) .
Flag-tagged Las1 was detected with an anti-Flag antibody, Grc3 was detected with an anti-Myc antibody and tubulin was used as a loading control. Expression of the Las1 HEPN variants does not substantially alter the endogenous levels of Las1 or Grc3 in vivo (Fig. S2A ). Therefore, the growth defects caused by the Las1 HEPN variants are not due to a loss in Las1 protein stability.
The Las1 HEPN variants also retain their association with Grc3 and support higher-order assembly of the RNase PNK complex. The Las1 HEPN nuclease directly depends on its binding partner Grc3 to execute its ITS2 pre-rRNA processing activity (23) . To ensure that the defects observed in cell growth and proliferation are not the result of an inability to associate with Grc3, we monitored assembly of RNase PNK using the Las1 HEPN variants and wild type Grc3. To reconstitute recombinant RNase PNK complexes, we generated a series of Escherichia coli co-expression vectors encoding wild-type Grc3 along with polyhistidine tagged Las1 HEPN variants (Table S3 ). Using affinity chromatography, we immobilized Las1 HEPN variants and assessed their association with Grc3. SDS-PAGE analysis of the purified samples revealed that all of the Las1 HEPN variants stably expressed and co-purified with Grc3 ( Fig. S2B ). Since the higher-order assembly of the RNase PNK complex is also crucial for ITS2 pre-rRNA processing (23), we monitored RNase PNK hetero-tetrameric assembly by gel filtration. All of the RNase PNK variants show similar retention volumes to wild-type RNase PNK suggesting they all maintain their hetero-tetrameric organization ( Fig. S2C ). Thus, this confirms that the Las1 HEPN variants do not hinder Grc3 association or oligomerization of RNase PNK.
Las1 RHxhTH Motif is Required for C2 pre-rRNA Cleavage. The Las1 HEPN variants reveal the importance of the RHxhTH motif for C2 cleavage. We speculated that the yeast growth defects observed in the presence of the Las1 HEPN variants were due to a defect in C2 pre-rRNA cleavage. To determine the effects of the Las1 variants on C2 pre-rRNA cleavage, we performed in vitro C2 cleavage assays using a 3¢-fluorescently labeled ITS2 RNA mimic (C2 RNA substrate) ( Fig. 4A ). These reactions were carried out under enzyme excess, where RNase PNK variants were in molar excess over the C2 RNA substrate.
Incubation of the C2 RNA substrate with wild-type RNase PNK results in a specific 5¢-hydroxyl RNA fragment that can be resolved on a denaturing urea gel and was previously mapped to the C2 site ( Fig. 4B ) (23) . In contrast, incubation of the C2 RNA substrate with the RNase PNK Las1 variants led to the observation that many of the variants are deficient at C2 cleavage. A representative gel summarizing C2 cleavage reactions of all the HEPN variants is shown in Fig. 4B . The variants that cause severe growth defects in S. cerevisiae (R1E, R1K, H2D, H2R, T5A, H6A, H6N) are unable to cleave the C2 site indicating that the observed growth defects are the result of an inability to cut the pre-rRNA ( Fig. 4B-C) . In contrast, the Las1 HEPN variants that cause minor growth defects (H2N, W3L, G4A, T5S) are able to cleave the ITS2 at the C2 site, albeit less efficiently than wild-type ( Fig. 3D and 4C ).
Beyond its role in nuclease activity, Las1 is also important for supporting nuclease-directed kinase activity, raising the possibility that the Las1 HEPN variants may also hinder Grc3 kinase activity. Previously we showed that the Las1 R1E,H6A variant hinders Grc3 phosphotransferase activity in vitro (23) . To determine if the individual Las1 variants impact Grc3 kinase activity, we added ATP to the C2 cleavage reactions and visualized RNA phosphorylation through altered RNA mobility in a denaturing urea gel. All of the Las1 HEPN variants are able to phosphorylate either the 5¢-hydroxyl end of the unprocessed C2 RNA substrate and/or the 5¢-hydroxyl end of the C2 cleavage product (Fig. 4D ). The observation of multiple phosphorylation events confirms our earlier work that showed the Grc3 kinase component of RNase PNK has broad RNA specificity (24) . Taken together, these results indicate that the Las1 HEPN variants do not prevent Grc3 kinase activity on the ITS2 substrate, but are crucial for supporting Las1 nuclease activity.
Both Las1 HEPN Motifs are Required for Nuclease Fidelity. Next, we sought to determine the significance of each individual Las1 RHxhTH motif for ITS2 pre-rRNA recognition and hydrolysis.
Composite HEPN nuclease active sites are formed by two RfxxxH motifs through either trans or cis assembly. Trans-homodimerization of HEPN domains is typically observed in HEPN nucleases, including RNase PNK, Ire1, RNase L, and Csm6 (5, 23, 27, 28, 35, 36) . Cis-heterodimerization of tandem HEPN domains encoded within a single protomer has thus far only been observed in Cas13 nucleases (7, 11, 29, 31) . Individual mutagenesis of the R1 or H6 residues from a single copy of the tandem HEPN heterodimer of the Cas13 subfamily impairs cleavage in vitro (11, 31) . In contrast, trans complementation assays with HEPN homodimers of Ire1 and RNase L does not impair cleavage (28, 36) . Collectively these results suggest that the requirement for juxtaposed R1 and H6 residues varies amongst HEPN family nucleases.
To determine whether RNase PNK requires both copies of its Las1 HEPN motifs for C2 cleavage, we engineered Las1 constructs that harbored mutations to a single copy of the HEPN homodimer. The constitutive dimerization of the Las1 HEPN domains poses a challenge for examining the significance of residues from the individual RHxhTH motifs. To overcome this problem, we used the RNase PNK structure to design a chimera of ScLas1 in which we fused two Las1 HEPN domains (HEPN|HEPN¢) together with a flexible linker (Fig. 5A ). The rational for the Las1 chimera was based off our previous work demonstrating that with the exception of the LCT, which is critical for Grc3 stability, the CC domain of Las1 is not required for RNase PNK nuclease and kinase activity in vitro (23) . We reconstituted the chimeric ScRNase PNK complex using an E. coli co-expression vector encoding the Las1 HEPN|HEPN¢ chimera, a polyhistidine tagged Las1 LCT and full-length Grc3 (Fig. 5A ). First, we purified the chimeric RNase PNK complex and confirmed Las1 HEPN|HEPN¢ retains its association with Grc3 and maintains its higher-order assembly using SDS-PAGE and gel filtration, respectively ( Fig. S3A ). Furthermore, we confirmed that the chimeric RNase PNK complex (WT|WT¢) retains nuclease and kinase activities along with specificity for the C2 site ( Fig. 5B : FL vs. WT|WT¢ and S3B). Chimeric RNase PNK titrations revealed that the Las1 WT|WT¢ chimera cleaves the C2 RNA substrate almost as efficiently as full length Las1, while the double mutant Las1 H6A|H6A¢ chimera is severely deficient in C2 cleavage ( Fig. 5B and S3B ). This confirms that the chimeric RNase PNK construct is a functional and C2-specific nuclease.
After confirming that chimeric RNase PNK mimics the behavior of the full length complex in vitro, we generated a series of chimeric RNase PNK variants that encode missense mutations to a single RHxhTH motif. We carried out both nuclease and kinase assays under enzyme excess with double the amount of C2 RNA substrate to enhance the detection of low abundance RNA cleavage and phosphorylation products ( Fig. 5B ). Chimeric RNase PNK complexes harboring Las1 WT|R1E¢ , Las1 WT|R1K¢ , Las1 WT|H6A¢ or Las1 WT|H6N¢ all retained nuclease and kinase activity in vitro. This suggests that only three of the four R1, R1¢, H6 and H6¢ residues are necessary for RNA hydrolysis and functional cross-talk with the Grc3 RNA kinase. Unexpectedly, several chimeric variants (WT|R1E¢ and WT|H6N¢) also produced additional cleavage products (Fig. 5B, bottom gel) . These additional products are all phosphorylated by Grc3 in the presence of ATP, but not a non-hydrolysable ATP analog, confirming that they must arise from Las1 cleavage. For instance, the chimeric RNase PNK comprising Las1 WT|R1E¢ produces two cleavage products, one that coincides with canonical C2 cleavage and another that is the result of an off-target cleavage event which lies at least one nucleotide away from the C2 site. The chimeric RNase PNK complex harboring Las1 WT|H6N¢ also produces the same two cleavage products, but the majority is the off-target product. To determine the identity of the off-target product, we performed liquid chromatography electrospray ionization mass spectrometry (LC-ESI-MS) analysis on the uncleaved C2 RNA substrate and the C2 RNA substrate following an incubation with chimeric RNase PNK harboring Las1 WT|H6N¢ . The unprocessed C2 RNA substrate gave rise to a single peak above background that corresponds with the theoretical mass of the uncleaved C2 RNA substrate containing 5¢-and 3¢-hydroxyl ends (Fig. S4A ). The mutant chimeric RNase PNK cleavage reaction gave rise to three RNA peaks above background including the unprocessed C2 RNA substrate and two product peaks ( Fig. S4B ). One product peak corresponds to an 8-nucleotide RNA fragment containing a 5¢-hydroxyl and 2¢,3¢-cyclic phosphate while the second product is a 19-nucleotide RNA fragment containing 5¢-and 3¢-hydroxyl ends. This unambiguously maps the Las1mediated off-target cleavage event to the phosphodiester bond 5¢ to the canonical C2 scissile phosphate (off-target site: U139-A140 of ScITS2). Thus, we confirm that the mutant chimeric RNase PNK complex has altered specificity and we denote the resulting off-target cleavage event as C2(-1) RNA cleavage.
Taken together, this highlights the coordinated action of H6 and H6¢, and to a less extent R1 and R1¢, in maintaining C2 cleavage specificity.
To assess how strict the composite Las1 HEPN active site is for C2 specific RNA cleavage, we generated chimeric RNase PNK complexes harboring two mutations to the RHxhTH motif either in cis or in trans. As we previously observed with the Las1 double mutant H6A|H6A¢, in cis (R1E+H6A|WT¢) and in trans (R1E|H6A¢) mutagenesis of R1 and H6 dramatically hinders Las1 RNA cleavage activity (Fig. 5B) .
Moreover, the detectable cleavage activity is predominantly the result of cleavage at the C2(-1) site. In accordance with our earlier work that shows the Las1 nuclease domain is important for supporting Grc3 kinase activity (23), we also observe a detectable RNA phosphorylation defect of the unprocessed RNA substrate for chimeric RNase PNK harboring Las1 R1E+H6A|WT¢ . Our results reveal that Las1 cannot support catalysis with a single RHxhTH motif and that R1, R1¢, H6 and H6¢ are all important for maintaining nuclease fidelity, likely through orienting the RNA substrate within the catalytic center. Therefore, these functional assays reveal residues within the composite active site that are critical for Las1 function and fidelity.
Conclusion
In this study we report a comprehensive molecular characterization of the Las1 HEPN nuclease motif, which plays a critical role in pre-rRNA processing. HEPN nucleases participate in a wide spectrum of RNA processing pathways and the recent identification of many new HEPN nucleases (3) has led to a surge in atomic-resolution structures of different HEPN nuclease family members ( Fig. 6) (4, 5, 26, 28-30, 35, 37-44) . The overall architecture of HEPN nucleases varies dramatically from the butterfly-shaped RNase PNK to bilobed Cas13 nucleases and intertwined RNase L. These diverse assemblies are important contributors to the activation and specialized functions of individual HEPN nucleases. Yet, each of these nucleases contains a common homo-or hetero-dimeric HEPN core that is responsible for nuclease activity. The presence of this common core suggests that HEPN nucleases cleave RNA following a similar mechanism. Each HEPN core contains a composite nuclease active site at its center and is defined by the juxtaposition of two RfxxxH motifs ( Fig. 6 ). Despite numerous recent advances in HEPN nuclease biology, the molecular mechanism of RNA cleavage remains unresolved. By implementing an in-depth sequence analysis, yeast genetics and in vitro activity assays we determined that the first, second, fifth, and sixth residues from this motif are absolutely essential for supporting Las1 function. Due to the strong parallels amongst all HEPN nucleases, our work has broad implications for the HEPN nuclease field.
Significance of the Individual Residues from the HEPN Motif. While it's well established that the canonical R1 and H6 residues from HEPN nucleases are important for catalysis (3, 7) , this work highlights the significance of H2 and T5 from the Las1 HEPN motif. The invariant H6 residue is thought to be important for triggering 2¢-OH nucleophilic attack, while R1 has been proposed to stabilize the transition state and/or the RNA substrate (3). Our work expands this working model by uncovering the functional significance of the intervening Las1 HEPN residues. Amino acid composition of the second residue from the HEPN motif is most often a polar residue. Indeed our complementation and in vitro cleavage assays revealed that Las1 can function with a conservative histidine to asparagine mutation at this position, but other substitutions are not tolerated. Similarly, HEPN nucleases Ire1, Csm6, and Cas13 encode an asparagine at its second position and previous work has shown that N2A mutants are functionally inactive (5, 27, 30) . Together, this signifies a universal importance of the second residue from the RfxxxH motif. Considering recent structural characterization of RNase PNK revealed that Las1 H2 is a functional molecular switch that undergoes conformational rearrangements within the HEPN active site, we compared the active sites from several recent HEPN nuclease structures. Intriguingly, within these structures the H2/N2 residue either points towards the center of the composite active site, as seen in the nuclease active state of RNase PNK, where it could coordinate RNA or it points away for the catalytic center, as seen in the nuclease inactive state of RNase PNK. This raises the question as to whether the second amino acid residue of the HEPN motif is a universal molecular switch regulating the nuclease activity of the HEPN superfamily. What then is the role of this residue? One possibility is that the H2 residue could participate in the general acid-base mechanism that has been proposed for HEPN family nucleases (3, 7, 36) . However, this seems unlikely since we determined that H2N mutants of Las1 are functionally active, while H6N mutants are inactive. Furthermore, both asparagine and histidine can form hydrogen bonds with RNA, but only histidine is able to donate a proton because the pKa of asparagine is too high (45) . Since the second position of the RfxxxH motif is consistently a proton acceptor, we do not anticipate that H2 interacts with a phosphate group in the RNA backbone, but more likely interacts with a hydroxyl group on the pentose ring. Thus, we hypothesize that the second position residue of the HEPN motif is critical for proper positioning of the RNA substrate within the active site, while H6 participates in acid-base catalysis.
Our work also establishes the significance of T5 within the Las1 nuclease motif. Amongst HEPN nucleases there is a prevalence for a small amino acid at this position (2) . This is observed in the recent structures of both Csm6 (A5/A5¢) and Cas13d (V5/C5¢), which harbor small amino acids at the fifth position ( Fig. 6 ). Within composite HEPN nuclease active sites, the fifth position residue is located along the base of the active site. While the location of this residue suggests that it does not directly participate in catalysis, it likely plays a supportive role in maintaining the structural integrity of the active site. Here we show that Las1 is dependent upon having either a threonine or serine at this position. This dependence is supported by the sequence conversation amongst Las1 homologs and the presence of a hydrogen bond between T5 and H6 that was observed in the cryo-electron microscopy reconstruction of RNase PNK. Taken together, our work indicates that beyond the invariant R1 and H6 residues from the RfxxxH HEPN nuclease motif, the intervening residues play important supporting roles in substrate engagement and active site architecture.
It Takes Two (RfxxxH Motifs) to Cut the RNA Right. A fundamental outstanding question is why are HEPN nucleases reliant on the juxtaposition of two RfxxxH motifs to cleave the RNA backbone. A single
RfxxxH motif presumably contains the residues that are sufficient for cleavage, however all HEPN nucleases require dimerization to be active. There are several possibilities as to why dimerization could be important. For example, one RfxxxH motif could be important for RNA cleavage while the other copy could participate in positioning the RNA. Another possibility is that the HEPN active site could be reliant on R1 from one motif and H6¢ from the other copy for catalysis. We suggest it is a combination of both since our work reveals that three of the four Las1 R1, R1¢, H6 and H6¢ residues are needed for RNA hydrolysis. We also uncover through the creation of an RNase PNK chimera that Las1 strictly requires both RHxhTH motifs to properly cleave the ITS2 at the C2 site. Our characterization of a series of RNase PNK chimera variants revealed the surprising finding that several of the variants had altered cleavage specificity. The most striking alteration in specificity was observed with the WT|H6N¢ variant which cleaves the ITS2 predominantly at the C2(-1) position. In contrast, RNase L WT|H6N¢ chimeras, formed by mixing experiments, does not alter the cleavage specificity for its single stranded RNA substrate (28) . An interesting possibility for the loss of specificity in RNase PNK and not RNase L could stem from the inherent difference in substrate selection employed by these two enzymes. RNase L displays broad specificity against many different RNA substrates and cleaves the RNA backbone between two residues following a uracil (UN^N) (28) . This low specificity means the RNase L active site can accommodate numerous RNA substrates. On the other hand, RNase PNK has a single known RNA target, the ITS2 pre-rRNA. Minor modifications to the ITS2 pre-rRNA sequence and structure surrounding the C2 cleavage site abrogates cleavage in vivo and in vitro (23) . Thus, while RNase PNK can cleave RNA with mutations in a single RHxhTH, it requires the cooperation of both RHxhTH motifs to ensure C2 cleavage specificity.
Defining the precise mechanism of HEPN-directed RNA cleavage will require a series of high resolution structures of HEPN domains engaged to their endogenous RNA substrates. However, to date the transient nature of RNA-associated HEPN nuclease states has proven challenging. Our work lays the foundation for understanding the contributions of the individual residues from the Las1 RHxhTH motif. Beyond advancing our understanding of pre-rRNA processing, the observation that Las1 can be rewired to cleave RNA at different positions has far reaching implications in the rapidly developing field of RNA targeting applications. The Cas13 CRISPR effectors, which contain HEPN nuclease domains, are currently being adapted for a range of applications including RNA knockdown, RNA editing, and RNA detection/diagnostics (7) (8) (9) (10) (11) 46) . Once activated by crRNA, the Cas13 HEPN domains orchestrate nonspecific RNA cleavage. The ability to re-wire the Cas13 HEPN domains with altered specificity could open the door for new RNA-targeting applications.
Materials and Methods
Las1 Sequence Analysis. Homo sapiens Las1L (NP_112483.1) was used as a query to extract 101 Las1 orthologs for vertebrate genomes using Ensembl (www.ensembl.org, release 95; (47) ) and Saccharomyces cerevisiae Las1 (NP_012989.3) was used as the query to extract 219 Las1 orthologs from Ensembl Fungi (release 42). Sequence alignments were performed with MAFFT 7 (https://www.ebi.ac.uk/Tools/msa/mafft/; (48)) using default settings. CLC Genomics version 8 was used for visualization of multiple sequence alignments and WebLogo (49) was used to generate the Las1 HEPN sequence logo.
Generation of Las1 Yeast Strains.
Generation of the S. cerevisiae LAS1 tetracycline-titratable promoter (tetO7) strain was described previously (26) . This strain was modified to include a 3xMyc-tag upstream of endogenous GRC3 for detection purposes (yMP125). N-terminal 3xFlag-tagged ScLas1 (pMP 580) was amplified along with 300 nt of flanking endogenous DNA sequence and inserted into YCplac33 (32) using KpnI and SacI. Las1 HEPN variants were generated by overlap PCR, inserted into YCplac33 and verified by DNA sequencing (Genewiz). The yMP125 strain was transformed with plasmids encoding the N-terminal 3xFlag tagged Las1 wild type (pMP 580), Las1 HEPN variants (see Table S1 ), or empty YCplac33 vector.
All yeast strains used in this study are listed in Table S2 .
Yeast Spotting Assays and Growth Curves. Yeast spotting assays and growth curves were performed as described previously (24) with minor modifications. Transformed LAS1 yeast strains were pre-incubated in YPD that was supplemented with 40 µg/ml doxycycline for 24 hours at 22°C prior to performing assays.
For proliferation assays, transformed tet-LAS1 and tet-LAS1/Myc-GRC3 strains (Table S2) were spotted on YPD plates in the absence and presence of doxycycline (40 µg/ml) and incubated at 30°C for 2-3 days.
Temperature sensitivity was tested by carrying out additional proliferation assays at 16°C, 25°C, 34°C, and 37°C for 2-6 days. Growth curves were generated using transformed tet-LAS1/Myc-GRC3 strains by measuring the absorbance at 595 nm of 100 µL yeast cultures inoculated at an OD600 of 0.05 and incubated at 30°C in YPD and YPD with doxycycline (40 µg/ml). OD600 measurements were recorded every 15 minutes over a 25 hour time period with an Infinite F200 Pro (Tecan) and i-control 1.11 software. The mean and standard deviation of each growth curve were calculated from three independent replicates.
Western Blots. Western blotting was performed as described previously (24) with minor modifications.
Transformed tet-LAS1/Myc-GRC3 strains were grown in YPD in the presence of doxycycline (40 µg/ml) to mid-log phase. The whole cell lysate was prepared by lysing the cells with glass beads followed by trichloroacetic acid precipitation. Proteins were resolved by SDS-PAGE and analyzed by western blot using anti-Myc (Grc3; EMD Millipore), anti-Flag (Las1; Sigma), and anti-a-tubulin (Abcam).
Recombinant Las1-Grc3 Complex Purification. S. cerevisiae RNase PNK variants were generated from the original Las1-Grc3 co-expression vector (pMP001) (23) by Q5 site-directed mutagenesis (NEB) and verified by DNA sequencing (Genewiz). ScLas1 HEPN|HEPN¢ fusion (Las1 residues 1-179 aa followed by a 2x Gly-Gly-Gly-Gly-Ser linker, NotI restriction site, and Las1 residues 1-185) was inserted into the expression plasmid ScLas1 LCT -Grc3 (pMP072; (23)) using HindIII and SacI to generate ScLas1 HEPN|HEPN¢+LCT -Grc3 (pMP673). Chimeric ScLas1 HEPN|HEPN¢+LCT -Grc3 was generated by amplifying ScLas1 HEPN¢ (residues 1-185) harboring mutations R129E (R1E; pMP683), R129K (R1K; pMP684), H134A (H6A; pMP681) and H134N (H6N; pMP682) were amplified by PCR and inserted into pMP673 using NotI and SacI. Additional chimeric ScLas1 HEPN|HEPN¢+LCT -Grc3 constructs were generated by amplifying ScLas1 HEPN (residues 1-179) harboring mutations R129E+H134A (R1E+H6A; pMP697), H134A (H6A; pMP695) and R129E (R1E; pMP691) and inserted into pMP673 or pMP681 using HindIII and NotI. All Las1-Grc3 co-expression plasmids used and generated in this study were sequenced (GeneWiz) and are listed in Table S3 .
Sc Las1-Grc3 variant proteins were expressed and purified as described previously (23) Mass Spectrometric Sample Preparation and Analysis of Oligonucleotides. 10 µL of RNA sample (5 µM) was injected onto the column for liquid chromatography mass spectrometry (LC-MS) analysis. Data were acquired on a Q Exactive Plus mass spectrometer (QE-MS, ThermoFisher Scientific) interfaced with a Vanquish (ThermoFisher Scientific) UHPLC system. Reverse-phase chromatography was performed using a CORTECS C18 column (100 x 2.1 mm i.d., 1.6 µm particle size; Waters Corporation) and a CORTECS C18 VanGuard precolumn (5 x 2.1 mm i.d., 1.6 µm particle size; Waters Corporation) with solvent A being 5 mM ammonium formate in water (pH 6.5) and solvent B being methanol and a flow rate of 150 µL per minute. The LC gradient included a ramp from 0% to 42% B from 0 to 6 minutes followed by a ramp from 42% to 95% B over one minute and then a 3-minute hold at 95% B. The run was completed with a ramp of 95% to 0% B for 0.5 minutes followed by a 4.5 minute recondition at 0% B. The QE-MS was equipped with a HESI source used in the negative ion mode and performing only MS1 scans. Mass calibration was performed before data acquisition using the Pierce ESI Negative Ion Calibration Mixture (Pierce). Data were processed and deconvoluted using the Intact Protein Analysis function of BioPharma Serial dilutions of each strain were grown on YPD agar in the absence (-DOX) and presence (+DOX) of 40 µg/ml doxycycline at 30°C for 3 days. Doxycycline represses transcription of endogenous LAS1. (C) Growth curves of tet-LAS1/3xMyc-GRC3 strains transformed with control plasmids encoding wild type Flag-Las1 (WT) and empty YCplac 33 (vector). Strains were incubated at 30°C in the absence and presence of doxycycline and absorbance was recorded over 25 hours at 595 nm. Each curve is an average of three independent replicates and error bars define the standard deviation. (D) Growth curves as seen in panel C with the tet-LAS1/3xMyc-GRC3 strain transformed with Flag-Las1 RHxhTH variants (see Table S2 ). Color scheme is the same as seen in panel A. Fig. S1 . In vivo assay for complementation of S. cerevisiae LAS1 over a temperature range. The S. cerevisiae tet-LAS1/3xMyc-GRC3 strain was transformed with plasmids encoding Flag-Las1 RHxhTH variants (see Table S2 ). Serial dilutions were spotted on YPD in the absence (-DOX) and presence (+DOX) of 40 µg/ml doxycycline and incubated at 37°C, 34°C, 30°C, 25°C and 16°C for 2-6 days.
Fig. S2. Las1
RHxhTH variants retain its association to Grc3. (A) Transformed S. cerevisiae tet-LAS1/3xMyc-GRC3 strains were grown to mid-log phase at 30°C in the presence of 40 µg/ml doxycycline. Cells were lysed and equal amounts of whole cell lysate were separated by SDS-PAGE and analyzed by western blotting with anti-Flag (Las1), anti-Myc (Grc3) and anti-tubulin (loading control). IB is an abbreviation for immunoblotting. (B) SDS-PAGE analysis of purified recombinant ScRNase PNK complex comprised of full length Grc3 and Las1 RHxhTH variants. (C) Gel filtration of ScRNase PNK variants containing Las1 RHxhTH missense mutants. Wild type RNase PNK (black) was previously shown to form a hetero-tetramer (23) and has the same retention volume as the recombinant ScRNase PNK variants. This suggests that the ScRNase PNK variants maintain higher-order assembly. and 6034.8 correspond to 5¢-and 3¢-RNA fragments, respectively, produced following cleavage at an offtarget site (C2(-1); red arrowhead) between U139 and A140 of the S. cerevisiae ITS2. The 8-nucleotide 5¢fragment (magenta) harbors a 2¢,3¢-cyclic phosphate and the 19-nucleotide 3¢-fragment (brown) contains a 5¢-hydroxyl end confirming the ScLas1 WT|H6N' variant is responsible for the off-target RNA hydrolysis. MATa; ura3-52; leu2D1; his3D200; GAL2; CMVp(tetR'-SSN6)::LEU2; trp1::tTa; kanMX:tetO7:LAS1; trp1:3xMyc:GRC3 (26) tet-LAS1/Myc-Grc3 + pMP580
MATa; ura3-52; leu2D1; his3D200; GAL2; CMVp(tetR'-SSN6)::LEU2; trp1::tTa; kanMX:tetO7: LAS1; trp1:3xMyc:GRC3; pMP 580 (3xFlag-LAS1; WT) 
